Layer 6 corticothalamic neurons are thought to modulate incoming sensory information via their intracortical axons targeting the major thalamorecipient layer of the neocortex, layer 4, and via their long-range feedback projections to primary sensory thalamic nuclei. However, anatomical reconstructions of individual layer 6 corticothalamic (L6 CT) neurons include examples with axonal processes ramifying within layer 5, and the relative input of the overall population of L6 CT neurons to layers 4 and 5 is not well understood. We compared the synaptic impact of L6 CT cells on neurons in layers 4 and 5. We found that the axons of L6 CT neurons densely ramified within layer 5a in both visual and somatosensory cortices of the mouse. Optogenetic activation of corticothalamic neurons generated large EPSPs in pyramidal neurons in layer 5a. In contrast, excitatory neurons in layer 4 exhibited weak excitation or disynaptic inhibition. Fast-spiking parvalbumin-positive cells in both layer 5a and layer 4 were also strongly activated by L6 CT neurons. The overall effect of L6 CT activation was to suppress layer 4 while eliciting action potentials in layer 5a pyramidal neurons. Together, our data indicate that L6 CT neurons strongly activate an output layer of the cortex.
Introduction
Corticothalamic neurons in layer 6 of the neocortex are thought to shape the neural response to incoming sensory information in a context-dependent manner, modulating receptive-field properties to enhance behaviorally relevant information (Sherman, 2005; Sillito et al., 2006; Briggs and Usrey, 2008; Thomson, 2010; Harris and Mrsic-Flogel, 2013) . In addition to providing feedback to the sensory thalamus, these neurons are thought to influence the cortical response to sensory input through their intracortical axonal projections to the major thalamorecipient layer, layer 4 (L4; Ahmed et al., 1994; Stratford et al., 1996; Guillery and Sherman, 2002; Binzegger et al., 2004; Sherman, 2005; Sillito et al., 2006; Briggs and Usrey, 2008; Thomson, 2010; Harris and Mrsic-Flogel, 2013) . Although the standard view of the corticothalamic system is that the primary intracortical target of layer 6 corticothalamic (L6 CT) neurons is L4, anatomical reconstructions of individual L6 CT neurons include examples of neurons with axonal processes ramifying within layer 5 (L5), the principal output layer of the cortex (Katz, 1987; Zhang and Deschênes, 1997; Thomson, 2010; Feldmeyer, 2012) . However, the relative anatomical and functional input of L6 CT cells to L4 and L5 is not known.
The identity of the cell types in L4 and L5 targeted by the intracortical axons of L6 CT neurons is also not clear. Recent work suggests that L6 CT neurons synapse onto inhibitory fastspiking (FS) neurons which mediate the widespread response suppression seen in visual cortex following L6 CT neuron activation Bortone et al., 2014) . Although quantitative studies using electron microscopy initially suggested that L6 CT neurons preferentially target inhibitory neurons within L4, more recent studies indicate that they synapse onto both excitatory and inhibitory neurons (McGuire et al., 1984; White and Keller, 1987; Somogyi, 1989; Ahmed et al., 1994 Ahmed et al., , 1997 Anderson et al., 1994; Staiger et al., 1996; Binzegger et al., 2004) . The synaptic targets of L6 CT neurons within L5 remain largely unexplored.
To determine the relative synaptic impact of L6 CT cells on neurons in layers 4 and 5, we first determined the laminar position of the intracortical processes of the population of L6 CT neurons. We found that L6 CT neurons densely ramified within layer 5a (L5a) in both visual and somatosensory cortices. Optogenetic stimulation of L6 CT neurons elicited action potentials in excitatory neurons in L5a but not in layer 4. In contrast, L6 CT neurons strongly activated inhibitory FS interneurons in both L5a and L4. This L6 CT input to inhibitory neurons was cell-typespecific as L6 CT cells provided little input to somatostatinpositive (SOM) inhibitory interneurons in L5a. The net effect of this circuit organization was to evoke action potentials in L5a pyramidal neurons while suppressing excitatory neurons in L4 following L6 CT stimulation. Together, our data demonstrate that the dense axonal projection of L6 CT neurons to L5a strongly activates both excitatory pyramidal cells and inhibitory FS cells of an output layer of the cortex. Injection of retrograde tracers and viral vectors for anatomical analysis. To identify corticothalamic and corticotectal neurons, retrograde neuronal tracers were injected into targeted nuclei of the thalamus or the superior colliculus of Ntsr1-Cre;tdTomato mice. Briefly, mice of either sex, ranging from postnatal day 16 (P16) to P80 were anesthetized with ketamine (50 mg/kg), dexmedetomidine (25 m/kg) and the inhalation anesthetic, isoflurane. Animals were placed in a custom-built stereotaxic frame and anesthesia was maintained with isoflurane. A small craniotomy was performed and 30 nl of neuronal tracer was pressure-injected into one site in the lateral geniculate nucleus (LGN) or the ventral posteromedial nucleus (VPM) of the thalamus through a glass pipet (13-25 m tip diameter) using stereotaxic coordinates derived from a mouse brain atlas (Franklin and Paxinos, 2007) and empirically confirmed. To retrogradely label corticotectal neurons, up to 16 sites were injected in the superior colliculus. Four tracers were used with similar results: red and green Retrobeads (Lumafluor), and red and green Alexa-conjugated Cholera toxin B (AlexaFluor 488 and AlexaFluor 555 CTB, Invitrogen). To reveal the location of thalamocortical axons in the cortex, a lentiviral vector [VSVG.HIV.SIN.Synapsin.ChR2(H134R).EYFP.WP, p1871, University of Pennsylvania Vector Core] was injected into the LGN or VPM using similar procedures. Buprenorphine (0.05 mg/kg) was administered to all animals postoperatively. Animals injected with retrograde tracers were killed 5-10 d after surgery whereas animals injected with the viral vectors were killed up to 7 months postoperatively. Whole brains were removed and placed in a solution of 4% paraformaldehyde in 0.01 M PBS for Ͼ2 h. Coronal, thalamocortical, or parasagittal sections cut on a 30°ramp were prepared on a vibratome (100 m, VT-1000S, Leica), then mounted using Vectashield mounting medium (Vector Laboratories) and visualized either on an epifluorescence microscope (Axiophot, Zeiss) using 2.5ϫ (0.075 NA), 5ϫ (0.15 NA), 10ϫ (0.25 NA), or 20ϫ (0.5 NA) objectives or on a confocal microscope (LSM 510, Zeiss) using 5ϫ (0.15 NA), 10ϫ (0.3 NA), or 20ϫ (0.8 NA) objectives. To confirm the location of the barrels, some sections from Ntsr1-Cre;synaptophysin-tdTomato mice were subjected to cytochrome C oxidase/diaminobenzidine staining. To enhance the signal from ChR2-EYFP, some sections were subjected to immunohistochemistry (1:300, chicken anti-GFP antibody, GFP-1020, Aves, RRID:AB_10000240, and 1:300 AlexaFluor 488-conjugated goat anti-chicken antibody, Life Technologies, A11039, RRID:AB_10563770). NeuNϩ neurons were revealed using standard immunohistochemistry (1:300, mouse anti-NeuN antibody, MAB377, Millipore, RRID:AB_2298772, and 1:300 AlexaFluor 647-conjugated goat anti-mouse, Life Technologies, A21235, RRID:AB_10562370). Counting of corticothalamic, Ntsr1ϩ and NeuNϩ neurons was performed on single-plane confocal images.
Materials and Methods
Expression of channelrhodopsin-2. To express channelrhodopsin-2 (ChR2) in Ntsr1ϩ neurons, three strategies were used. First, Ntsr1-Cre mice were crossed with Ai32 mice (loxP-STOP-loxP-ChR2-EYFP) to produce mice in which ChR2-EYFP was expressed in all Cre-expressing neurons. Second, to limit expression to Cre-expressing neurons in the neocortex, Cre-dependent adeno-associated viral constructs (AAV2/9 CAG-FLEX-hChR2(H134R)-tdTomato, AAV 2/5 EF1a-DIO-hChR2 (H134R)-eYFP-WPRE, AAV2/5 EF1a-DIO-hChR2(H134R)-mCherry-WPRE) were injected into the somatosensory cortex of P26 -P93 Ntsr1-Cre, Ntsr1-Cre;⌬neo or Ntsr1-Cre;GIN mice using the same approaches as described above for the tracer injections. In two cases, AAV2/9 CAGFlex-ChR2-tdTomato was injected in P2 Ntsr1-Cre;⌬neo mouse pups. Briefly, anesthesia was induced via hypothermia. A 35 gauge needle attached to a syringe (NanoFil, World Precision Instruments) was positioned by eye above the cortex, advanced until it punctured the skin and skull, and then retracted to 600 m below the surface of the skin. After waiting 3 min, 50 -100 nL of virus was injected using a syringe pump (50 nL/min, UMP3, World Precision Instruments). Following injection, the pups were placed on a heating pad under a heat lamp. Viral constructs were acquired from the University of Pennsylvania Vector Core, the National Institute of Drug Abuse Optogenetics and Transgenic Technology Core, and the University of North Carolina Vector Core. Different viral constructs were used due to the different fluorophores they contained. Because no significant differences in the responses were identified among the viral constructs, the results were pooled for analysis. Brain slices were prepared from mice at least 2 weeks following viral injections.
Brain slice preparation for electrophysiological recordings. After anesthetizing the mice (P15-P293) with isoflurane, the brains were rapidly removed and acute brain slices (300 m) were prepared in ice-cold sucrose solution containing the following (in mM): 76 NaCl, 25 NaHCO 3 , 25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgSO 4 , pH 7.3, 310 mOsm. Slices were cut in three orientations (Integraslice 7550MM, Campden Instruments or VT-1200s, Leica), depending on the cortical region targeted: parasagittal sections for visual and barrel cortex as well as thalamocortical slices for barrel cortex. Responses were similar whether or not the thalamus was included in the slice. After cutting, slices were incubated in warm (32-35°C) sucrose for 30 min and then transferred to warm (32-35°C) artificial CSF (aCSF) composed of (in mM): 125 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgSO 4 -7H 2 O, 20 D-(ϩ)-glucose, 2 CaCl 2 -2H 2 O, 0.4 ascorbic acid, 2 pyruvic acid, 4 L-lactic acid, pH 7.3, 315 mOsm, and then allowed to cool to room temperature. Betahydroxybutyrate (4 mM) was added to the sucrose and recording solutions in a subset of experiments. All solutions were continuously bubbled with 95% O 2 /5% CO 2 .
Whole-cell recordings. Slices were transferred to a submersion chamber on an upright microscope (Zeiss FS2-Plus microscope, 40ϫ objective, 0.8 NA or a Zeiss AxioExaminer, 40ϫ objective, 1.0 NA). During recordings, slices were continuously superfused (2-4 ml/min) with warm aCSF (32-34°C). Neurons were visualized with a digital camera (Sensicam QE; Cooke) using either transmitted light with infrared differential interference contrast optics or epifluorescence. The orientation of the slice was verified by visualizing the apical dendrites of infragranular pyramidal neurons up to layer 1 in the area of the recordings. Glass recording electrodes (2-4 M⍀) were filled with internal solution containing the following (in mM): 2.7 KCl, 120 KMeSO 4 , 9 HEPES, 0.18 EGTA, 4 MgATP, 0.3 NaGTP, 20 phosphocreatine(Na), pH 7.3, 295 mOsm or 2.7 KCl, 120 KMeSO 3 , 9 HEPES, 0.18 EGTA, 4 MgATP, 0.3 NaGTP, 20 phosphocreatine(Na), pH 7.3, 295 mOsm. Whole-cell patch-clamp recordings were obtained using Multiclamp 700A or 700B amplifiers (Molecular Devices) controlled by custom-written routines in Igor Pro (Wavemetrics) and digitized using an ITC-18 (Instrutech) using custom software written in Igor Pro (Wavemetrics). The access resistance averaged 18.66 M⍀ Ϯ 8.77 SD and was not compensated. All signals were low-pass filtered at 10 kHz and sampled at 20 kHz.
Cell-type identification. Neurons were classified by their responses to current injection in current-clamp mode and their expression of fluorescent proteins in selected mouse lines. Cortical layers were determined based on the expression pattern of the ChR2-EYFP fluorescence. Neurons seen in a band consisting of neuronal processes strongly expressing EYFP were identified as L5a cells; cells located directly above the florescent band were identified as L4 neurons. In slices of the barrel cortex, the location of the barrels viewed under infrared-differential interference contrast (IR-DIC) was used to confirm the location of the targeted cells. Results from neurons within each layer were pooled, as there was no significant relationship between the response properties and the laminar location within the layer. When comparing synaptic responses evoked in L4 and L5a, neurons with interspike intervals of Ͻ25 ms measured in response to the smallest current step generating at least four action potentials were considered FS cells and were excluded from analysis. To record from interneurons, fluorescent cells were targeted in G42, ⌬neo, or GIN mice crossed with Ntsr1-Cre or Ntsr1-Cre;tdTomato mice. Interneurons in ⌬neo mice were classified as either FS or "other" as described above. After each recording, low-magnification images were taken (10ϫ 0.3 NA lens or 5ϫ 0.16 NA) of ChR2 reporter fluorescence and/or the barrel columns to register the position of recorded cells relative to one another and relative to the fluorescent band of Ntsr1ϩ processes.
Photostimulation of ChR2. ChR2 was photoactivated as previously described (Arroyo et al., 2012) . Briefly, a small circle of blue light (110 -315 m diameter) was focused onto the brain slice using a fiber optic cable coupled to a blue LED (ϳ470 nm, Luminous) focused onto the focal plane of a camera port with a 10ϫ 0.3 NA lens. Ten light pulses (1-3 ms each, 6 -600 mW/mm 2 ) were delivered through the 40ϫ objective at 10 Hz. Except for Figures 4 and 6, the light intensity was adjusted so as not to evoke action potentials in the recorded neurons. For most recordings, the LED illumination was centered over layer 6, directly below the recorded cells in layers 4 and 5. In some recordings, the LED illumination was centered between the two recorded cells in cell pairs or directly over the recorded cell in single-cell recordings.
Data analysis. All data analysis was performed in Igor Pro (Wavemetrics) and Excel (Microsoft). The resting membrane potential (RMP) was measured after whole-cell configuration was achieved, and neurons with an RMP greater than Ϫ60 mV were eliminated from further analysis. To assess the spiking behavior of the cell, 1 s long depolarizing (100 -300 pA) and hyperpolarizing (Ϫ100 pA) current steps were injected into the cells.
Typically, 50 -100 individual traces were averaged to measure the peak amplitude of the postsynaptic potentials for each recorded pair of neurons. The peak in the 40 ms after stimulus onset was identified in the averaged trace, and the peak amplitude was calculated by subtracting the value at the peak from the baseline value (calculated for the period 1-6 ms before the first stimulus). In some experiments, 5 M CPP, and 5 M NBQX or 1 M tetrodotoxin (all from Tocris Bioscience) were bath applied to the slice. Data are presented as the mean Ϯ SEM unless otherwise noted. Unless otherwise indicated, a paired t test was used to compare the two cell types in each group of paired recordings. In the figures, the statistical significance is expressed as follows: *p Ͻ 0.05; **p Ͻ 0.01; or ***p Ͻ 0.001.
Results

Intracortical location of L6 CT neuron processes
To determine the relationship between the intracortical processes of L6 CT neurons and the laminar structure of the cortex, we used a recently developed mouse line, Ntsr1-Cre, in which Cre recombinase is expressed in L6 neurons (Gong et al., 2007; Olsen et al., 2012; Bortone et al., 2014) . We found a close correspondence between retrogradely labeled L6 CT cells and Ntsr1ϩ neurons in both visual and somatosensory cortex ( Fig. 1; 93 .8 Ϯ 1.1% of retrogradely labeled neurons were Ntsr1ϩ, 86.8 Ϯ 2.7% of Ntsr1ϩ cells were retrogradely labeled, n ϭ 6 mice). Ntsr1ϩ cells represented ϳ65.5% of NeuNϩ cells in L6 of somatosensory cortex (176 Ntsr1ϩ/273 NeuNϩ cells; n ϭ 2 mice), similar to what has previously been reported in visual cortex . Based on these results, we used the Ntsr1-Cre line to probe the anatomical and functional relationship of L6 CT neurons with L4 and L5.
When the Ntsr1-Cre line is crossed with a tdTomato reporter line, a dense band of processes is seen in the middle of the cortex (Fig. 1C,H ) . To determine the location of this intracortical projection, we injected a lentiviral vector carrying a construct for a fluorescent protein into the LGN and VPM to transduce thalamocortical neurons and label thalamocortical axons terminating in L4. A dimmer fluorescence signal can also be appreciated at the L5b/L6 border or within L6. Surprisingly, the YFP-labeled thalamocortical axons within L4 were not colocalized with the tdTomato band of corticothalamic processes (Fig.  2 A, B,E-F; LGN: n ϭ 3 mice, VPM: n ϭ 3 mice). Rather, the primary band of thalamocortical axons was centered above the major band of intracortical corticothalamic processes. These results indicate that the majority of intracortical L6 CT processes are not found in L4 but rather in L5.
To localize the lower boundary of the band of intracortical L6 CT processes, we took two approaches. First, we determined that retrogradely labeled corticotectal neurons in layer 5b (L5b) of visual cortex were located just below the band of intracortical corticothalamic processes (Fig. 2C, n ϭ 3 mice) . Second, we compared the location of the fluorescent band with the laminar boundaries of the barrel cortex identified using IR-DIC microscopy and found that the fluorescent band largely colocalized with layer 5a (L5a; Fig. 2G ), confirming that L6 CT processes are concentrated in L5a. To determine whether the L6 CT band contained axonal processes, we used a synaptophysin-tdTomato reporter line in which the fluorescent protein is confined to axonal arbors and confirmed that the axonal processes of L6 CT neurons more densely ramified in L5a than in L4 (Fig. 2 D, H ) . Revealing the location of the barrels in L4 of the somatosensory cortex with cytochrome C oxidase confirmed that the axonal processes of L6 CT neurons ramified largely just below the barrels in L5a (Fig. 2 I, J ) . These anatomical studies demonstrate that the axonal projection of L6 CT cells in the middle layers of the cortex primarily targets L5a.
Layer 6 corticothalamic synaptic inputs to excitatory neurons in L4 and L5a
We next compared the functional synaptic impact of the popula- The axonal processes of L6 CT neurons primarily ramify in L5a. Low (A, E) and high-magnification (B, F ) views of thalamocortical axons (green) and L6 CT neurons (red) in visual cortex (A, B) and somatosensory cortex (E, F ). A normalized intensity plot centered over L4 and L5a for the red and green channels averaged along the horizontal axis is shown (B, F, right). C, L6 CT neurons (red) and retrogradely labeled L5b corticotectal neurons (green) in visual cortex. G, IR-DIC (left) and epifluorescent (right) views of the same slice of barrel cortex in an Ntsr1-Cre mouse crossed with a ChR2-YFP reporter line. The axons of L6 CT neurons in visual cortex (D; n ϭ 4 mice) and barrel cortex (H; n ϭ 9 mice) revealed using a synaptophysin-tdTomato reporter line. Low-(I ) and high-magnification (J ) images of cytochrome C oxidase-stained barrel cortex and the axonal processes of L6 CT neurons identified by crossing Ntsr1-Cre mice with a synaptophysin-tdTomato reporter line (n ϭ 3 mice). Note that the intracortical axonal band of L6 CT neurons is located below the barrels. Scale bars: (in I ) 300 m; (in all other images) 100 m.
responses elicited in L4 and L5a by the L6 CT population, we selectively expressed ChR2 in L6 CT neurons (Fig. 2G ) and simultaneously recorded from a L4 and a L5a excitatory neuron in whole-cell current-clamp configuration while photostimulating L6 CT neurons (Fig. 3A) . This recording configuration allowed us to control for variations in the expression of ChR2 across animals and slices. Both L4 and L5a excitatory neurons exhibited postsynaptic responses to optogenetic stimulation of L6 CT neurons (Fig. 3 B, C) . These postsynaptic responses were eliminated by bath application of the sodium channel blocker, tetrodotoxin, indicating that they are action potential-dependent (Fig. 3D) . Several lines of evidence indicate that L6 CT inputs predominantly target L5a rather than L4. First, the mean amplitude of the short-latency postsynaptic responses to L6 CT stimulation in L5a pyramidal neurons was markedly greater than in L4 excitatory cells of both the visual and barrel cortices ( Fig. 3C ; visual cortex: L5a 4.68 Ϯ 0.95 mV, L4 0.69 Ϯ 0.26 mV, n ϭ 13 pairs, p ϭ 0.0026; barrel cortex: L5a 3.17 Ϯ 0.56 mV, L4 Ϫ0.18 Ϯ 0.15 mV, n ϭ 24 pairs, p Ͻ 0.0001). Second, whereas EPSPs were recorded in L5a pyramidal neurons, only 49% of L4 excitatory cells responded to optogenetic stimulation with EPSPs. The remaining L4 excitatory cells exhibited no discernible response (16%, n ϭ 6) or predominantly inhibitory responses (35%, n ϭ 13; Fig. 3B, right) . Several lines of evidence indicate that the inhibition in L4 excitatory neurons is disynaptic. First, bath application of blockers of AMPA and NMDA receptors eliminated the inhibitory responses in L4 cells ( Fig. 3E ; L5a: n ϭ 7 cells; L4: n ϭ 6 cells). Second, the latency of the inhibitory responses in L4 neurons was significantly longer than the latency for the excitatory responses in L5a neurons, suggesting that these represent disynaptic inhibition (Fig. 3 F, G) . In those pairs in which the excitatory response dominated, the latency of the response measured in the L5a and L4 neurons was not significantly different (L5a: 3.7 Ϯ 0.3 ms, L4: 4.1 Ϯ 0.3 ms, n ϭ 16 pairs, p ϭ 0.0943) whereas in those pairs in which the L4 neuron showed a primarily inhibitory response, the latency was significantly longer in the L4 neuron (L5a: 3.8 Ϯ 0.3 ms, L4: 4.9 Ϯ 0.3 ms, n ϭ 9 pairs, p ϭ 0.0122). Together, these data indicate that activation of L6 CT neurons evokes much larger excitatory postsynaptic responses in L5a pyramidal neurons than in L4 excitatory cells.
Does the difference in synaptic input that we identified impact the spiking behavior of the excitatory neurons in L5a and L4? To address this question, we increased the intensity of photostimulation to L6 CT neurons and evoked action potentials in postsynaptic neurons. In all 13 recorded pairs, the L5a neuron fired action potentials whereas the L4 neuron did not ( Fig. 4 ; n ϭ 13 pairs, p ϭ 0.0002), indicating that L6 CT neuron activation can cause L5a excitatory neurons to spike and not L4 cells. Therefore, our data indicate that the population of L6 CT neurons drives L5a excitatory neurons much more strongly than those in L4.
Layer 6 corticothalamic inputs to FS interneurons in L4 and L5a
To compare the amplitude of the responses in excitatory and inhibitory neurons in both L5a and L4, we next recorded simultaneously from a FS inhibitory interneuron and a neighboring excitatory neuron while photostimulating L6 CT neurons. The amplitude of the responses was significantly greater in FS cells than in neighboring excitatory neurons both in L5a and in L4 (Fig. 5A-C rons powerfully drive inhibitory FS neurons. In addition to differences in the amplitude of the synaptic input, the properties of the short-term synaptic plasticity depended on the type of synaptic connection (Fig. 5 D, H ) . The responses measured from excitatory neurons facilitated, consistent with previous studies (Ferster and Lindström, 1985) . The facilitation may be even greater than measured here as the properties of ChR2 stimulation may lead to an underestimation of any facilitation (Cruikshank et al., 2010) . The responses measured from L4 FS interneurons, however, depressed with repetitive stimulation under these experimental conditions. Interestingly, the disynaptic inhibitory responses recorded in L4 excitatory neurons followed a similar time course as the excitatory responses recorded directly from L4 FS cells (Fig. 5H ) . . Activation of L6 CT neurons selectively stimulates fast-spiking inhibitory interneurons. Experimental configuration (A, E) and sample recordings (B, F ) from an excitatory neuron and an inhibitory FS interneuron in L5a (A-D) and L4 (E-H ). Amplitudes of the first response for L5a pairs (C; n ϭ 30 pairs, p Ͻ 0.0001) and L4 pairs (G; n ϭ 23 pairs, p Ͻ 0.0001). Experimental configuration (I ), sample recording (J ) and summary data (K; n ϭ 8 pairs, p ϭ 0.0112) from an excitatory pyramidal neuron and an inhibitory somatostatin-expressing GIN interneuron in L5a. Summary data of the short-term synaptic plasticity measured from L5a and L4 excitatory and inhibitory neurons following L6 CT photostimulation (D, H, L) . The data for L5a pyramidal neurons in L is replotted from D.
Layer 6 corticothalamic inputs to SOM inhibitory interneurons
To determine whether this preferential activation of inhibitory neurons generalized to other classes of inhibitory neurons, we next recorded from pairs of L5a neurons, composed of one excitatory pyramidal neuron and one SOM GIN interneuron. In contrast to the results seen with FS-pyramid pairs, postsynaptic responses in SOM interneurons were significantly smaller than those in nearby pyramids, and the responses facilitated following repetitive stimulation ( Fig.  5I-L ; EXC 3.75 Ϯ 1.03 mV, SOM 0.81 Ϯ 0.24 mV, n ϭ 8 pairs, p ϭ 0.0112). Our results indicate that, although both FS and SOM interneurons respond to L6 CT stimulation, FS cells receive substantially more excitatory input following L6 CT activation.
Layer 6 corticothalamic inputs evoke action potentials in layer 5a pyramidal neurons Given the strong synaptic input onto inhibitory FS cells, we next asked whether L6 CT activation evokes action potentials in L5a pyramidal neurons when FS cells are activated. We recorded from pairs of L5a neurons composed of one excitatory pyramidal neuron and one FS interneuron (Fig. 6A) . Increasing the optogenetic stimulation resulted in action potentials being evoked in both L5a pyramidal neurons and FS interneurons (Fig. 6 B, C) . Despite robust activation of FS cells, L5a pyramidal neurons continued to fire action potentials in response to L6 CT neuron activity. Together, these data indicate that L6 CT activation stimulates pyramidal neurons located in an output layer of the cortex.
Discussion
In the standard cortical model, L6 CT neurons modulate the response gain of cortical neurons via their intracortical axons and their feedback projections to the thalamus (Ahmed et al., 1994; Stratford et al., 1996; Guillery and Sherman, 2002; Binzegger et al., 2004; Sherman, 2005; Sillito et al., 2006; Briggs and Usrey, 2008; Thomson, 2010; Harris and Mrsic-Flogel, 2013) . The major target of their intracortical axons is thought to be neurons within L4 (Wiesel and Gilbert, 1983; Callaway, 1998; Binzegger et al., 2004; Douglas and Martin, 2004; Harris and Mrsic-Flogel, 2013) . Here, we demonstrate that the intracortical axons of L6 CT cells primarily target L5a rather than L4 and that activation of L6 CT neurons evokes action potentials in L5a pyramidal neurons, as well as FS cells in L4 and L5a, while only weakly exciting or inhibiting L4 excitatory neurons. Here, we stimulated L6 CT neurons selectively and used trains of brief flashes of light to activate these facilitating synapses. The distinct experimental approaches used here likely account for the differences with prior studies using paired recordings or laser scanning photostimulation that have reported weak connections between L6 and L5a pyramidal neurons (Lefort et al., 2009; Hooks et al., 2011) .
Anatomical reconstructions of individual L6 CT neurons show two basic types, one with axonal processes terminating within L4 and another with axonal processes ramifying within L5 (Katz, 1987; Zhang and Deschênes, 1997; Thomson, 2010; Feldmeyer, 2012) . Although it is largely assumed that the primary target of L6 CT processes are neurons within L4 (Wiesel and Gilbert, 1983; Callaway, 1998; Binzegger et al., 2004; Douglas and Martin, 2004; Harris and Mrsic-Flogel, 2013) , without assessing the axonal distribution for the entire population of L6 CT neurons, the contribution to each layer remained unclear. Here, we show that Cre expression in the Ntsr1-Cre mouse line closely corresponds to L6 CT neurons in both visual and somatosensory cortex. By taking advantage of this line, we show that the axonal processes of L6 CT neurons are primarily found within L5a. Furthermore, we demonstrate that activation of L6 CT neurons generates large EPSPs in L5a pyramidal cells while only weakly exciting or even inhibiting L4 excitatory neurons. These results were similar in visual and somatosensory cortex although the disynaptic inhibition measured in L4 excitatory neurons tended to be greater in somatosensory cortex. Together, these data indicate that the synaptic impact of the population of L6 CT neurons is significantly greater in L5a pyramidal neurons than in the primary thalamorecipient layer, L4.
We found that activation of L6 CT neurons strongly activated FS inhibitory interneurons in both L4 and L5a. Furthermore, we show that this input is selective for FS cells as L6 CT neurons provided little input to L5a SOM inhibitory neurons. This selectivity for FS cells suggests that L6 CT activation drives feedforward inhibition via local forward inhibition in L4 excitatory cells and in L5a pyramids, we found that the direct L6 CT excitatory input activated L5a pyramids. What could account for these differences? Our results highlight several differences in the circuit organization between L4 and L5a excitatory neurons. Because of the high connection probability between L4 FS cells and L4 excitatory neurons, selective activation of FS cells within L4 will generate strong feedforward inhibition in nearby L4 cells. Combined with the weak excitatory input from L6 CT neurons to L4 excitatory neurons, the overall effect of L6 CT activation would be weak excitation or indeed disynaptic inhibition in the excitatory neurons of the major thalamorecipient layer, consistent with our results. In contrast, L5a pyramidal cells receive strong monosynaptic input from L6 CT neurons. Although L5a FS cells are also strongly driven by L6 CT activation, L5a pyramids receive weaker inhibition from these FS cells, consistent with recent work indicating that L5a pyramids receive weaker FS input than L5b pyramids (Lee et al., 2014) . It was recently reported that activation of L6 CT neurons drives a class of L6 translaminar inhibitory interneurons (Bortone et al., 2014) . Although our experiments did not examine this cellular mechanism directly, we found that L6 CT cells provide excitatory input to L5a pyramids and that, combined with the weak indirect feedforward inhibition, leads to activation of L5a neurons following L6 CT activity. Interestingly, the axonal density of the interlaminar projections of the L6 interneurons dips within L5a, consistent with our results indicating that L5a pyramids receive weaker inhibition than neurons in L4 following L6 CT activation (Bortone et al., 2014) . The net effect of L6 CT activation is the generation of action potentials in L5a pyramidal neurons and in both L4 and L5a FS cells but not in L4 excitatory cells (Fig. 7) . How these circuits are engaged during sensory perception is not yet clear as photostimulation is unlikely to closely mimic the pattern and distribution of L6 CT activity during perception. Furthermore, the precise behavioral paradigms which activate L6 CT neurons are still not well understood. However, recorded L6 CT neurons do fire at high rates in vivo, suggesting that these facilitating connections will drive L5a spiking under certain behavioral conditions (Grieve and Sillito, 1995; Sirota et al., 2005) .
Functional implications
Our results suggest that excitation of L6 CT cells leads to two simultaneous actions, feedforward inhibition via FS cells and feedforward excitation via L5a pyramidal neurons. Unlike neurons in L4, L5a excitatory neurons project across columns within the cortex (Bureau et al., 2006; Oberlaender et al., 2011) in addition to sending long-range projections out of the cortex. Our results suggest that excitation of L6 CT neurons activates L5a neurons, providing increased input to L2/3 neurons across multiple cortical columns. By inhibiting L4 excitatory neurons and activating pyramidal cells in L5a, L6 CT activity can shift the cortical response from a local one primarily driven by external sensory inputs and L4 neurons to a broader response generated through L5a pyramidal neurons. Together with anatomical studies demonstrating two different morphologies among individual L6 CT neurons, one with axons terminating in L4 and one in L5 (Katz, 1987; Zhang and Deschênes, 1997; Thomson, 2010; Feldmeyer, 2012) , our results suggest that these two morphological classes of L6 CT neurons may play different roles in cortical processing.
Here, we have shown that intracortical axons of L6 CT neurons in visual and somatosensory cortex primarily target L5a and that activation of L6 CT neurons elicits action potentials in L5a pyramidal neurons while suppressing L4 excitatory cells. Our data suggest that L6 CT neurons differentially affect activity across cortical layers due to the organization of their intracortical circuits and play multiple roles in cortical processing.
